that ventricular catheters placed into the frontal horn or trigone, away from the choroid plexus and ventricular walls, result in a significant improvement in shunt survival. 1, 5, 10, 16 If reliable surgical techniques for accurate placement of ventricular catheters can be developed, shunt survival may improve.
Conventional shunt insertion techniques rely on anatomical landmarks to determine catheter trajectory into the ventricle. The depth of catheter insertion is determined by a variety of methods including preoperative imaging, endoscopy, and the flow of CSF from the catheter. These techniques result in favorable catheter placement in approximately one-third to two-thirds of cases. 1, 5, 7, 8, 13, 17 Intraoperative ultrasound with a bur hole transducer allows visualization of the ventricular compartments and choroid plexus prior to placement of the catheter (Fig. 1) . The trajectory and depth from entry point to the ideal location can be determined with real-time imaging, and the catheter can be inserted under ultrasound guidance. The technique requires minimal training, and the equipment is available in most neurosurgical operating rooms. Some evidence suggests that ultrasound guidance may achieve a higher rate of accurate placement and result in prolonged shunt survival. 18 Member institutions of the Hydrocephalus Clinical Research Network (HCRN) conducted a prospective study with a contemporary control group to determine if ultrasound-guided shunt insertion results in accurate ventricular catheter placement in more than 80% of cases. The target was defined as the frontal horn or trigone. Secondary outcomes included shunt survival and complications.
Methods

Study Design
The study was a multicenter, prospective, controlled study. Approval was obtained from all centers' institutional review boards. Moreover, this study was registered with the ClinicalTrials.gov database (http://clinicaltrials. gov), and its registration number is NCT01007786. The primary outcome was location of the ventricular catheter on the first postoperative imaging study as determined by a blinded pediatric neuroradiologist.
Eligibility
Participating pediatric neurosurgeons were required to target the frontal horn or trigone for all ventricular catheter placements. Surgeons voluntarily decided to be an ultrasound-guided surgeon or a conventional shunt surgeon and were not allowed to change groups. Ultrasound surgeons were divided into experienced (> 15 cases prior to the study) and novice.
All study patients met the following inclusion criteria: 1) clinical and radiographic evidence of hydrocephalus as determined by a pediatric neurosurgeon that requires a ventriculoperitoneal shunt (atrial, pleural, gallbladder, and other shunt systems were excluded); 2) no prior history of shunt insertion or endoscopic third ventriculostomy for hydrocephalus (a history of an external ventricular drain, subgaleal tapping reservoir, or subgaleal shunt was permissible); and 3) younger than 18 years of age at the time of shunt insertion.
Any of the following characteristics resulted in exclusion from the study: 1) active CSF or abdominal infection; 2) spread of tumor in the subarachnoid space documented on enhanced imaging (CT or MRI) of the head or spine; 3) CSF leak without hydrocephalus; 4) pseudotumor cerebri; 5) Dandy-Walker malformation; 6) loculations within the ventricular system; 7) hydranencephaly, alobar holoprosencephaly, or any other congenital anomaly of the brain that severely distorts the ventricular anatomy such that ventricular catheter location cannot be determined; 8) other systemic disorders that would preclude the insertion/revision of a ventricular shunt; and 9) other difficulties that would preclude follow-up at 1 year (for example, terminal illness with life expectancy < 1 year).
Surgical Techniques
The ultrasound-guided shunt insertion technique was performed using one of 2 methods at the discretion of the operating surgeon.
Method 1.
The ultrasound transducer is held in contact with the dura mater through the insertion site incision or is in contact with skin over an adjacent fontanel. Images of the ventricular system are acquired, and the trajectory and depth for catheter insertion are determined in advance. Ultrasound is used to monitor the catheter as it is being inserted.
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Method 2. The ultrasound transducer is placed on skin over the anterior fontanel away from the catheter entry site and is used to determine the depth of insertion but not the trajectory through the cortical mantle. 13 Ultrasound surgeons submitted an intraoperative image of the ventricular catheter after placement. The image was obtained prior to attachment of the distal shunt assembly. This image was screen captured from the ultrasound console, was printed, and was sent to the HCRN Data Coordinating Center in Salt Lake City. Conventional shunt surgery was defined as any procedure that was not ultrasound guided as defined above. This included insertion using surface anatomical landmarks and endoscopic shunt insertion. The method or methods of determining catheter trajectory and depth were recorded for each case at the time of surgery.
No other steps in the shunt insertion procedure were dictated by the protocol. Perioperative care was left to the discretion of the operating surgeon and was recorded.
Outcomes
The primary outcome was the location of the ventricular catheter tip on the first postoperative scan (CT, MRI, or ultrasound). The ventricular catheter tip was defined as the proximal 2 cm of the catheter (the hole-bearing segment). The ventricular catheter location was defined by 1 of the following 8 compartments: frontal horn, trigone, body, temporal horn, third ventricle, fourth ventricle, cistern, or brain. If any part of the catheter tip penetrated ependyma or pia and was in the "brain" or "cistern" then the catheter was scored as such regardless of the depth of tissue or cistern penetration. If the catheter tip was entirely intraventricular but crossed the boundary between 2 compartments, the compartment with the majority of the catheter tip was selected. The boundary between the frontal horn and body was defined as a coronal plane through the foramen of Monro and the anterior border of the thalamus; likewise, the border between the body and trigone was a coronal plane at the posterior border of the thalamus.
The first postoperative image was sent to the HCRN Data Coordinating Center, and all identifying information was removed from the scan prior to being sent to the pediatric neuroradiologist for review. The neuroradiologist was blinded to the technique of shunt insertion, surgeon, and center.
Secondary outcomes for the study included shunt survival and complications. Shunt failure was determined using the same criteria as the Shunt Design Trial and Endoscopic Shunt Insertion Trial. 4, 5 The admitting surgeon assessed criteria for shunt failure. A checklist was used at the time of each follow-up to determine shunt survival and to monitor complications. All shunt complications were recorded, but the following complications were specifically screened for at each visit: CSF leak, pseudomeningocele, wound infection, and shunt migration.
Sample Size Calculation
The primary aim of the study was to determine if ultrasound-guided shunt insertion would improve the rate of accurate shunt insertion from the current rate to at least 80%. We assume that this level of consistency would be required to see an overall increase in shunt survival due to catheter position. The sample size calculation was based on achievement of a 1-sided, exact 95% confidence interval above 80%, and accrual of patients within 1 year. A table of rates of accurate insertion and the number of patients required to rule out that the accurate insertion rate was 80% or less using a 1-sided exact confidence interval with 80% power was generated. A sample size of 59 patients was determined, and an additional 8 patients were added to account for the anticipated lost to follow-up rate. The calculated sample size was the number of patients required in the experienced ultrasound group.
Statistical Analysis
For the primary analysis, the proportion of ventricular catheters placed into the frontal horn or trigone was calculated with the exact 95% confidence interval, using Clopper-Pearson confidence limits to determine if the lower limit of the confidence interval was greater than 80%.
In the secondary analysis, all complications were described using frequencies and rates as appropriate. Kaplan-Meier curves were generated for shunt survival. For this survival analysis, the end point was the date of shunt failure. Patients without shunt failure were censored on the date of last follow-up.
This study was not powered to detect differences between event rates among subgroups. Comparisons between the ultrasound group and the control group were made using descriptive statistics, including the chi-square test and Fisher's exact test when cell sizes were small. The log-rank test was used for exploratory comparisons of shunt survival curves between subgroups.
Results
Participant Flow
Participant flow through the study is shown in Fig. 2. Patients were enrolled between February 9, 2009, and February 10, 2010. A total of 237 first-time shunt insertions were performed at HCRN centers while the study was open, and 121 of these patients entered the study. Of the patients not in the study, nonparticipating surgeons operated on 42 patients, 27 did not provide consent, and 47 did not meet all entry criteria of the study. Experienced ultrasound surgeons operated on 67 patients, novice ultrasound surgeons operated on 2 patients, and conventional surgeons operated on 52 patients. All patients underwent follow-up imaging to determine ventricular catheter location except for 2 in the conventional surgery group. Ventricular catheter location was determined on all scans except for 1 in the experienced ultrasound group (in this case, the catheter tip was not well visualized on the postoperative study), and 1 in the conventional surgery group (the ventricular catheter was disconnected from the Rickham reservoir and was free-floating in the ventricle). Clinical follow-up was carried out for a minimum of 1 year. Five patients were lost to follow-up (1 in the experienced ultrasound group and 4 in the conventional surgery group).
The study ended as planned when the sample size for the experienced ultrasound group was achieved. Patients in the novice ultrasound group and the conventional group accrued at the same time, but no specific sample size was required for these groups.
Surgeon and Patient Characteristics
From the 4 HCRN centers participating in the study, 17 eligible pediatric neurosurgeons enrolled. One surgeon withdrew after treating 2 patients because he wanted to place catheters through the foramen of Monro. Surgeon characteristics are detailed in Table 1 . The average number of years of experience was greater in the conventional surgeon group.
Baseline characteristics of the patient population are listed in Table 2 . Most patients were neonates or infants at surgery (median age of all patients 94 days) and 63.6% were male. The most common causes of hydrocephalus were intraventricular hemorrhage of prematurity (41 [33.9%] of 121) and myelomeningocele (33 [27.3%] of 121). Patients in the experienced ultrasound cohort were younger, had a higher incidence of intraventricular hemorrhage of prematurity, had more temporization procedures prior to shunting (for example, reservoir or subgaleal shunt), and had a higher rate of preoperative CSF leak prior to shunting. 
Surgery
Decisions regarding surgical technique, shunt components, and postoperative care for the study groups are shown in Table 3 . Differences exist regarding valve and shunt components, use of antibiotic-impregnated catheters, ventricular catheter entry site, and timing of postoperative imaging study.
There were no failures of technique for catheter placement in either group. Operations with ultrasound were longer (62.2 vs 46.9 minutes), resulted in a lower incidence of failed catheter passes (3.0 vs 7.8 failed passes/100 cases), and required a larger bur hole than conventional shunt surgeries (14.0 vs 5.4 mm).
Primary Analysis: Catheter Accuracy in the Experienced Ultrasound Group
In the experienced ultrasound group accurate catheter location on the first postoperative image (within the frontal horn or trigone) was achieved in 39 (59.1%) of 66 cases (95% CI 46.3%-71.1%). The goal of accurate catheter location in 80% of this group was not achieved.
Comparison of Intraoperative Ultrasound Images With Postoperative Images
A comparison was made between the intraoperative ultrasound image obtained at the time of catheter placement and the first postoperative image used for the primary analysis. Intraoperative images were submitted in 56 (81.2%) of 69 cases. One intraoperative image was not clear enough to determine ventricular catheter location.
A cross-table comparison between the intraoperative ventricular catheter location and postoperative ventricular catheter location is shown in Table 4 . In 47 (85.5%) of 55 cases the ventricular catheter tip was placed accurately into the frontal horn or trigone on the intraoperative ultrasound image. However, in the remaining 8 cases (14.5%) the surgeon targeted the wrong location (body of the lateral ventricle in all instances).
Catheter "movement" was defined as a change in catheter location from one of our predefined locations to another (see Methods). The catheter moved between the intraoperative and postoperative images in 18 (32.7%) of 55 cases (see case example in Fig. 3 ). In 13 of these cases the catheter moved from the frontal horn to the body, in 2 cases from the frontal horn to the trigone, in 1 case from the frontal horn to the third ventricle, in 1 case from the frontal horn to the brain, and in 1 case from the body to the trigone.
Further comparison between the intraoperative image and the postoperative image showed some other, less dramatic changes in catheter position. In 20 (37.7%) of 53 cases the catheter changed from a position surrounded by CSF intraoperatively to touching the ventricular wall postoperatively. In 2 (3.8%) of 53 cases, the catheter went from touching ventricular wall to being surrounded by CSF. In 1 case (1.9%) the catheter went from being surrounded by CSF to penetrating the wall of the ventricle. In 3 cases, the ventricular catheter's relationship with the walls of the ventricle could not be determined on the intraoperative image or on the postoperative image.
In addition, 10 (18.5%) of 54 catheters changed from a position away from the choroid plexus on intraoperative ultrasound to a position touching the choroid plexus on postoperative imaging. Two catheters (3.7%) went from touching the choroid plexus on intraoperative ultrasound to a position away from the choroid plexus on postoperative imaging. In 2 cases the ventricular catheter's relationship with the choroid plexus could not be determined on the intraoperative image or on the postoperative image.
On a per-patient basis, 36 (65.5%) of 55 patients had 1 or more changes of the catheter position as defined above when the intraoperative ultrasound image was compared with the first postoperative scan. All of the intraoperative images were obtained after placement of the catheter with the stylet in place and before attachment to the distal shunt hardware.
Secondary Analyses: Comparison of Ultrasound-Guided Shunt Surgery With Conventional Shunt Surgery
Accurate catheter location was achieved in the conventional surgery group in 24 (49.0%) of 49 cases (95% Table 5 . Overall, catheters placed with ultrasound guidance resulted in more favorable locations for the tip. There were more catheters in the experienced ultrasound group that were surrounded by CSF (30.8% and 6.1%, respectively; p = 0.0012), and more catheters in the experienced ultrasound group that did not touch the choroid plexus (72.3% and 58.3%, respectively; p = 0.12). There were more catheters in the conventional surgery group that penetrated the ependyma and entered brain (22.4% and 3.0%, respectively; p = 0.0011), and more catheters in the conventional surgery group that crossed the midline unintentionally (34.7% and 4.5%, respectively; p < 0.001).
Despite the differences in catheter tip placement, there was no significant difference in shunt survival between the 2 groups (Fig. 4) . The incidence of shunt failure at 1 year was 29% in the experienced ultrasound group and 33% in the conventional shunt surgery group (logrank test, p = 0.661). The rates of failure due to shunt obstruction, overdrainage, loculations, and infection are shown in Table 6 .
Neither surgical group reported intraoperative complications or equipment failures. Postoperatively, the ultrasound group had a higher proportion of patients with pseudomeningocele (10.1% vs 3.8%, p = 0.30), wound dehiscence (5.8% vs 0%, p = 0.13), CSF leak (10.1% vs 1.9%, p = 0.14), and shunt infection (11.6% vs 5.8%, p = 0.35) ( Table 7) .
Discussion
Ultrasound-guided catheter insertion by experienced pediatric neurosurgeons resulted in accurate placement in only 59.1% of cases. This is well below the study goal of 80% and is only slightly better than the control group (49.0%). Although these accuracy rates are low, they are similar to accuracy rates previously reported for other techniques. 5, 7, 8, 15, 17 There appear to be 2 main reasons that the ultrasound technique failed to achieve the desired level of accuracy. The first involves surgeons targeting the wrong area of the ventricle intraoperatively. Aiming for the wrong target resulted in an inaccurate location in at least 7 (10.4%) of 67 cases.
The second and more significant reason for inaccuracy was catheter movement between intraoperative and postoperative imaging. In this study the intraoperative ultrasound image of the ventricular catheter was obtained right after the pass into the ventricle with the stylet in place. After this maneuver, the stylet was removed and the catheter was attached to the distal shunt assembly. A total of 61 (91%) of 67 scans were obtained on or before postoperative Day 1, which suggests that this migration occurs early. The movement of the catheter is probably multifactorial. It may be affected by changes in head position between images, the hardware at the entry site (for example, the use of a right-angle guide at the bur hole site), the location of the entry site, the contour of the skull, the change in ventricular size, the stiffness of the catheter, and the thickness and compliance of the cortical mantle. The ultrasound technique did result in a higher proportion of catheter tips in favorable locations within the ventricle (for example, the catheter tip within the ventricle, not penetrating the ventricular wall, surrounded by CSF, not touching the choroid plexus, and all holes in the ventricle). This may be due to the advantage of knowing the trajectory and distance to the target site that ultrasound provides. However, it may also be related to differences between the 2 groups in the timing of the postoperative scan. Postoperative imaging in the conventional shunt surgery group was performed at a later time compared with the ultrasound group (mean postoperative Day 53.7 vs 1.3, respectively). Growth and development of the brain and the decrease in size of the ventricles over time may play a role in the assessment of these variables for catheter location, making direct comparisons between the groups uncertain.
The use of ultrasound to place the ventricular catheter did lower the incidence of failed catheter passes. A catheter pass was defined in the study protocol as pushing the catheter through the brain along a selected trajectory to a given depth and then assessing CSF flow. Changing the length of catheter by pulling back or pushing in did not constitute a second pass. Pulling the catheter back and reinserting along a different trajectory, however, did constitute an additional pass. The significance of a lower rate of failed passes is hard to measure clinically; however, the technique moved us closer to the goal of no failed passes. As expected, ultrasound required a larger bur hole diameter, but there were fewer bur holes required in this group compared with conventional shunt surgery because of en- try through a fontanel. There was a higher rate of pseudomeningocele, wound dehiscence, CSF leak, and infection in the ultrasound group. Despite the higher complication rates, shunt survival for the 2 groups was similar. This study differs significantly from most studies reporting accuracy rates for catheter insertion techniques. In our study, all participating surgeons were required to aim for the frontal horn or trigone in each case. In most retrospective accuracy studies, the target is not specified preoperatively. We included a large number of surgeons in the study. We also included a contemporary control group aiming for the same target and assessed by the same method. To avoid observer bias, our primary outcome measure, ventricular catheter placement, was determined by a pediatric neuroradiologist blinded to insertion technique, center, and surgeon.
Overall, the study did not show improved catheter location with ultrasound guidance. Although most catheters (85.5%) were placed accurately (based on intraoperative ultrasound), many catheter tips moved to a suboptimal location within a day or two. For the entire study population, a total of 53 (45.3%) of 117 evaluated catheters ended up in an inaccurate location. Since ventricular catheter position appears to play an important role in shunt survival, 5 future work should focus on accurate catheter placement and techniques to maintain optimal catheter location over time.
Conclusions
Using ultrasound guidance, most catheters were placed appropriately, but catheters commonly moved to a poor location very quickly after insertion. The technique, however, is safe and achieves outcomes similar to other conventional catheter insertion techniques. Additional effort to improve the rate of accurate catheter location should focus on preventing catheter migration that occurs after shunt insertion. In addition, this work would have not been possible without the outstanding support of the dedicated clinical research personnel at each clinical site and at the Data Coordinating Center. Special thanks goes to Sheila Ryan, Lindsey O'Donnell, Tracey Bach, Chevis Shannon, Amita Bey, and Marci Langley. Kathy Relyea created illustrations and figures for the paper. Avanti Vadivelu served as our medical editor. We thank everyone for his or her dedicated support.
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